En este trabajo se utilizan medidas históricas de dirección del viento tomadas a bordo de barcos de vela para definir un nuevo índice representativo de la frecuencia de los vientos de levante en el estrecho de Gibraltar, en la costa de Europa meridional. La nueva serie comienza a fines del siglo XIX y añade casi 100 años a series comparables anteriores. Se ha encontrado una gran variabilidad en los vientos de levante a escala anual y decadal a lo largo de todo el siglo XX, aunque no se han encontrado tendencias de largo plazo. Adicionalmente, en este trabajo demostramos que la variabilidad de los vientos de levante en el estrecho de Gibraltar está relacionada con la Oscilación del Atlántico Norte y con anomalías en la presión a nivel del mar sobre todo el Atlántico Norte y Europa continental.
Introduction
The strait of Gibraltar, the channel separating western Europe from the African continent ( Fig. 1) , is less than 20 km wide at its narrowest point and it possesses a very peculiar wind climatology. The orography of southern Spain and northern Morocco, characterised by abrupt mountain ranges, along with the typically stable thermal stratification of the lower troposphere in the area, channel the wind in a preferential westeast direction (Fernández, 1992) . Occasionally, these winds can reach velocities close to 30 m s -1 , affecting the air and sea communication between western Europe and northern Africa. The large values of the average wind speed and the steadiness of the wind direction in this region have stimulated the installation of a large number of wind farms in southern Spain in the last decade, with more than 1300 MW of installed power. It is also well known that the westerly winds in the strait of Gibraltar are usually related to the presence of low pressure systems near the Portuguese coast, which occasionally can reach the storm level making significant morphological changes on beaches (del Río et al., 2012) . Even though the westerlies are important, among locals, the most "feared" wind regime in the strait of Gibraltar is related to the easterly winds ("levanters" in the following). During the summer, levanters are usually associated to extremely hot weather in southern Spain. The strength of these easterly winds is linked to the location and intensity of the Azores High (Fernández, 1992) and they can be extraordinarily persistent in the strait. Despite the interest in characterising the easterly winds in the strait of Gibraltar, beyond the generalist descriptions of these winds (Fernández, 1992) , the few specific wind studies for this region are limited to short-term observation campaigns (Dorman et al., 1995) or particular case studies (Capon, 2006) . This small number of studies has probably its origin in the scarcity of long and continuous wind records at daily resolution. These records started to be continuous only from the 1970s on, and only in a few observation sites on land.
During the last five years, a number of works (Barriopedro et al., 2014; Gallego et al., 2015; Ordóñez et al., 2016; Vega et al., 2018) have made use of historical wind direction observations taken aboard sailing ships to develop long-term climatologies of diverse climatic structures such as the North Atlantic Oscillation (NAO) or monsoonal circulations . Because of its strategic location, the strait of Gibraltar has been heavily navigated since early times. Most of the ships traveling by this area took detailed wind measurements that were annotated into their logbooks. Many of these early records have survived in historical archives and, as a result of several recovery projects Allan et al., 2011; Wilkinson et al., 2011, among others) , much of these valuable meteorological observations have been incorporated into free digital databases (Freeman et al., 2017) . In this paper, we make use of these observations to build the first climatology of the easterly winds in the strait of Gibraltar starting in the late 19th century.
Data and methods

Directional indices
Even although it is possible to find historical meteorological observations in ships logbooks since the 17th century, they are not always operational to build a quantitative index. Meteorological instruments (barometer, hygrometer, rain gauge, etc.) were not routinely carried aboard ships prior to the mid 20th century. And even by that time, the wind observation, probably the most important from a nautical point of view, was not usually recorded by using anemometers. In the vast majority of the cases, even after the mid 20th century, wind observations aboard ships were performed and codified using the Beaufort scale. There are methods to "translate" these semi-quantitative observations into their numerical equivalents , but it is quite difficult to perform this task for long periods because of the change in the use of the language along the decades (Gallego et al., 2007) . These difficulties are mostly related to the use of multiple languages, descriptors and modifiers to express the wind force in terms that did not necessarily follow the Beaufort's standards . For historical wind observations, only the wind direction measurement can be considered an instrumental one. Wind direction was measured with a compass in essentially the same way since early times, and this is the reason why during the last years, a number of climatic indices based on the analysis of wind direction alone have been developed. These indices have been dubbed as "directional indices" (Barriopedro et al., 2014) . A directional index is usually defined as the percentage of days in a month with prevailing wind flowing from a certain direction or range of directions , so they are a direct measure of the wind persistence. Additionally, it has been demonstrated that at monthly scales, these indices are representative of the changes in wind velocity as well .
Data
For this research, we used the raw data contained in the last release (3.0) of the International Comprehensive Ocean-Atmosphere Data Set (ICOADS), which stores meteorological data taken at sea level aboard sailing ships and other marine platforms (buoys, tide gauges, etc.) for the last three centuries. At the time of writing, ICOADS data starts in 1662 and ends in 2014, holding over 456 million individual marine reports. Unfortunately, the data covering the period from 1662 up to the early 1800s are based on scattered ship voyages and, consequently, they are rather sparse. ICOADS data are rigorously quality controlled. A complete description of this database is provided in Freeman et al. (2017) .
Apart from ICOADS, for calibration purposes we used data from the Spanish Meteorological Agency (AEMET). We took anemometer data from the Tarifa meteorological station in southern Spain located at 5º 35' 56'' W, 36º 00' 50'' N and at 32 masl. Tarifa is in the southernmost extreme of the Iberian Peninsula and it is considered to be highly representative of the average wind regime in the strait of Gibraltar (Stepek et al., 2012) . Although the first data at daily scale for this station correspond to 1945, only from 1973 on the series has at least 75% of the days in a year represented. For this work, we used daily direction data from the Tarifa station only from 1973 on.
For this work, average monthly temperature and sea level pressure (SLP) have been taken from the NCEP/NCAR 20th Century Reanalysis (v. 2c) covering the 1851-2012 period . Average monthly precipitation was taken from the Global Precipitation Climatology Centre (v. 7) dataset (Becker et al., 2013) for the period 1901-2013 and at 1º × 1º latitude-longitude resolution.
Index definition
In order to characterize the persistence of the easterly winds in the strait of Gibraltar, we selected from ICOADS all the wind direction measurements taken at open sea between the longitudes 8º-1º W and the latitudes between 32º-38º N (Fig. 1) . In this domain, we computed the so-called easterly wind Directional INdex (EDIN) as the percentage of days per month with prevailing easterly wind. This area was chosen after a calibration procedure aimed to maximize the correlation between the directional index based on ICOADS and an equivalent index computed from observational data at Tarifa for the calibration period 1973-2012. Table I shows the correlation between the EDIN and the calibration series. These correlations range from +0.70 (August, p < 0.01) to +0.91 (March and December, p < 0.01 in both cases) indicating that the index based on ICOADS is highly representative of the changes in wind direction taken by present-day anemometers at the Tarifa site. 
Results
EDIN variability
With the data currently available on ICOADS, it has been possible to compute the EDIN at monthly scale from 1850 to 2014, although up to the late 1870s, the series is rather discontinuous. Figure 2 shows the average seasonal march of the index for the period 1850-2014. Levanters are quite frequent along the whole year, with average values around 40 to 50% for all months. It is in summer when the levanters' frequency is the greatest, with values above 50% between July and September. During winter, the typical frequency is around 40 to 45% and the month with less frequency is April. Figure 3 shows the time evolution of the seasonal EDIN averages. Seasonal series were computed first normalising the monthly values over the base period 1850-2014 and then averaging the normalised monthly values for the corresponding season. Only the cases in which the three months are available have been considered. In general, the easterlies show a large interannual variability and superposed to it, there is also a noticeable decadal fluctuation. For winter, we found two periods with easterlies more frequent than average (1880-1910 and 1985-2010) A spectral analysis of the seasonal EDIN series has been carried out through the local power spectrum based on a Morlet wavelet (Fig. 4) . This methodology makes it possible to determine the dominant modes of variability in a time series along its length (Torrence and Compo, 1998) . The large interannual variability of the EDIN evidenced in figure 3 (thin line) is translated as a spectral power concentration around the bands between 2 and 4 yrs for all seasons. However this band is rather discontinuous and only reaches statistical significance for short periods, indicating that the EDIN does not fluctuate at the shorter timescales in a coherent way. On the other hand, the multidecadal variability evidenced by the smoothed EDIN series (shaded curve in Fig. 3 ) is reflected as a significant oscillation band around 30-40 yrs in winter from 1910 to the 1950s (Fig. 4a) , from 1910 to 1980 in summer (Fig. 4c) and from 1930 to 1990 in autumn (Fig. 4d) . Additionally, the autumn series shows a significant oscillatory band around 10 yrs between 1900 and the mid-2000s, which becomes statistically significant from 1940 to the late 1980s.
The long-term fluctuations of the EDIN series revealed in figure 4 strongly suggest a relationship of the EDIN variability to the modes of natural variability of the North Atlantic (Grossmann and Klotzbach, 2009 ). The three main variability modes identified in the North Atlantic are the NAO (Hurrell, 1995) , the Atlantic Multidecadal Oscillation (AMO) (Knight et al., 2006; von Gunten et al., 2012) and the Atlantic Meridional Mode (AMM) (Chiang and Vimont, 2004) . The NAO can be described as a synchronous variation of the strength of the Icelandic Low and the Azores High. Years of positive NAO phase are characterized by both a stronger than average Azores High and a deeper than average Icelandic Low. This configuration implies an increased north-south pressure gradient and strongest westerlies across the Atlantic at mid-latitudes. While the NAO is mainly related to the short term inter-annual variability of the atmosphere in the North Atlantic, the AMO reflects longer-period multidecadal fluctuations of the Atlantic sea surface temperatures (SSTs) (Enfield et al., 2001) . During positive (negative) AMO phases, most of the North Atlantic shows warmer (cooler) than long-term average temperatures (warm/cool AMO phases). Although the instrumental AMO index is too short to attain a conclusive determination of the AMO's characteristic frequency, instrumental and proxy evidence indicates that the AMO has significant oscillatory bands between 55 and 70 yrs (Knudsen et al., 2011) . Finally, the AMM is a mode of coupled ocean-atmosphere variability in the tropical Atlantic associated with meridional displacements of the intertropical convergence zone (ITCZ) (Camargo et al., 2010) . Positive AMM phases are associated to a northward displacement of the Atlantic ITCZ and warmer (cooler) than normal SSTs in the tropical North (South) Atlantic.
In order to analyze the possible relationship of the levanters with these variability modes we performed a running correlation analysis for variable window sizes between 9 and 61 yrs among the EDIN and:
(1) the NAO index defined as the pressure difference between Gibraltar and Iceland (Jones et al., 1997) available from 1821 to 2018, (2) the unsmoothed AMO index derived from the Kaplan SST v. 2 dataset between 1856 and 2014 (Enfield et al., 2001) , and (3) the SST-based AMM index from Chiang and Vimont (2004) , available from 1948 to the present time. Figures 5, 6 and 7 show the results. In all cases, the vertical axis indicates the number of years over which the running correlation was evaluated, while the horizontal axis indicates the center of the window used to compute the running correlation.
The larger correlations are found for the NAO case (Fig. 5) . In general, the EDIN-NAO correlations are positive across the year at all timescales, although they are higher for the winter and summer cases (Fig. 5a, c) , when it is possible to find periods of significant correlation larger than +0.6 (p < 0.05). During the transitional seasons (spring and autumn) the EDIN-NAO correlations are predominantly positive as well (Fig. 5b, d ) but they are in general lower. For all cases, it is evident that the EDIN-NAO correlation has not been stable in time, as periods of low or even negative correlations can be found, as for example the 1960s decade for the winter case (Fig. 5a ) or the late 1990s and the 1920s for the autumn case (Fig. 5d) .
In general, neither the AMO (Fig. 6 ) nor the AMM (Fig. 7) are significantly correlated with the EDIN at any time scale but for some short intervals. EDIN-AMO correlations are quite variable, although for some seasons such as autumn (Fig. 6d) (Fig. 7a, c) .
Precipitation and temperature anomalies associated to the EDIN variability
The large correlations between the NAO and the EDIN strongly suggest that the levanters are related to the interannual variability of the synoptic-scale atmospheric configuration of the North Atlantic and in consequence, it is foreseeable a strong relation between the levanters and precipitation and temperature anomalies in Europe. To assess the relation between the EDIN and the meteorological fields at continental scale, we considered the normalized EDIN each month and computed the temperature and precipitation differences for the cases of EDIN above/below one standard deviation with respect to the 1901-2012 period. Figure 8 shows the case of the precipitation, with the corresponding SLP anomalies also displayed (lines). In general, high EDIN values (i.e., large levanters frequencies) are related to precipitation deficits in large areas of Southern Europe. This is especially evident in northern Spain and Italy, as well as southern France and the Balkans for the winter months. Larger than average precipitations coincident to high EDIN values can be found over the western coasts of southern Scandinavia from October to March. This anomalous precipitation pattern is consistent with the observed SLP anomalies, which shows anomalous high pressures in Central Europe, evident along the entire year but more intense during autumn and winter.
When this same analysis is performed for the temperature field (Fig. 9 ) a clear dipolar structure is observed, but its structure is rather dependent on the month. Between December and March, large EDIN values are related to warm/cold anomalies in Northern Europe/Northern Africa and Turkey. This pattern is entirely consistent with the anomalous anticyclonic circulation imposed by the SLP. Between April and October, the SLP anomalies related to the EDIN extremes are significantly lower, as well as the corresponding temperature anomalies. Interestingly, in large areas of southern Spain and Morocco, during these months large frequencies of the easterly winds are related to higher than average temperatures that in some months can reach up to 4 ºC. 
Summary and discussion
In this paper it is presented the first climatology for the levanters in the strait of Gibraltar based on historical wind observations, allowing, for the first time to characterize these winds since the late 19th century. During the last years, a number of indices based on in situ wind direction observations taken aboard ships have been developed. For a recent review, the reader is referred to . The great advantage of these indices lies in the exclusive use of instrumental observations, and this fact constitutes a great advantage over other approaches. In this sense, Vega et al. (2018) revealed that analogous indices computed from reanalysis products could be uncertain for years prior to the mid-20th century. To illustrate this fact, we computed the average zonal wind speed at the near surface level (sigma 0.995) from the 20th Century Reanalysis (20CR) and for the area [32º-38º N, 8º-1º W] domain (the same used to define the EDIN) and then we computed the seasonal running correlations between this average wind and the EDIN (Fig. 10) . As expected, correlations are mainly negative (more frequent levanters associated to larger negative zonal winds). Interestingly, for the post 1950s years, the agreement between the variability of the 20CR average zonal wind and the EDIN is excellent, especially during autumn and winter, with stable and significant correlations around -0.90 (p < 0.05). However, for years prior to the mid-20th century, the correlations present large drops. This is particularly evident for the winter between 1905 and 1940 ( Fig. 8a) , but also for the summer and autumn (Fig. 8c, d ). In these cases, the correlation even reaches positive values around 1940. Recently, Vega et al (2018) found that during the periods of significantly lower than present-day data coverage in the North Atlantic and the Pacific, indices computed from historical reanalysis can be scarcely representative of local wind circulation. These authors found that circulation indices based on different historical reanalysis such as ERA-20C and 20CR usually disagree for years prior to 1950, and that in these cases, directional indices can be superior in terms of explaining precipitation and temperature anomalies related to anomalous winds. This seems to be the case of the EDIN as our comparison with data, independent of historical reanalysis (as the Global Precipitation Climatology Centre [GPCC] precipitation), is consistent with the EDIN. In this regard, the correlation between the GPCC precipitation and the EDIN is quite similar for the first and second half of the 20th century (figure not shown).
Our main results can be summarized as follows: 1. Levanters are quite frequent along the entire year in the strait of Gibraltar, but maximum values can be expected between July and September, and minimum in April. 2. The interannual variability of the levanters is rather high. The levanters show a noticeable variability at decadal scales as well. A spectral analysis shows that the frequency of the shorter oscillations (2-4 yrs) is not stable in time. However, there is a noticeable spectral concentration for frequencies around 20 to 40 yrs in winter and 10 to 40 yrs in summer and autumn. The filtered EDIN (Fig. 3 ) evidences these changes as alternating periods of above/below the long term average typically lasting between 20 and 40 yrs. We have not found statistically significant long-term trends in the levanters frequency, but the evolution of the seasonal EDIN records shows that, between spring and autumn, since the last part of the 19th century and up to approximately 1940, the frequency of the easterlies in the strait of Gibraltar was slightly lower than today and in general, since that decade, their frequency have stayed above the long term average. 3. The NAO is the only large-scale climate variability mode significantly correlated with the EDIN, especially during winter and summer. This correlation is mainly positive but it is not stable in time. In this sense, Barriopedro et al. (2014) demonstrated that this kind of decoupling between a local circulation index such as the EDIN and the NAO index arises from departures of the NAO dipole from zonality. In this way, different SLP configurations (essentially the migration of the NAO's centers of action), which are compatible with a similar value of the NAO index, can result in different wind anomalies far from the centers of action. Therefore, although the NAO is significantly related with the levanters through the modulation of the Azores High, it cannot be used as a reliable predictor of the long-term levanter variability. 4. We did not found significant correlations between the EDIN and the AMO or the AMM. The absence of correlation with the AMO suggests that the long-period oscillations of the EDIN are not related to the long term temperature changes of the North Atlantic. Finally, the absence of correlation with the AMM indicates that the changes in the location of the ITCZ (and the corresponding SST anomalies in the tropical North Atlantic) do not significantly affect the levanters frequency in the strait of Gibraltar. 5. Due to its dependence on the strength and location of the Azores High, the frequency of the levanters is highly related to precipitation anomalies in large areas of Europe, especially during autumn and winter. In general, larger frequencies imply lower precipitations in northern Spain, Italy, southern France and the Balkans, and greater precipitations in the western coast of Scandinavia. The corresponding SLP anomalies reveal an anomalous center of high pressure up to 12 hPa centered in the British Isles and lower than average SLPs northward of the 60º N parallel. This is consistent with the significant link we found between the EDIN and the NAO, as this SLP configuration favors a positive NAO index. However, it must be pointed out that the SLP anomalies associated to extreme EDIN values shown in figures 8 and 9 do not have the canonical structure of the NAO-like SLP dipole (see for example figure 1 in Hurrel, 1995) but rather indicate an increase of the blocking episodes in this area during periods of more frequent levanters. This also explains both the precipitation deficits in Southern Europe and the increases in Scandinavia, since a large number of mid-latitude storms are forced to pass through these northern latitudes during blocking episodes. 6. Interestingly, in average, large frequencies of easterly winds in the strait of Gibraltar do not imply significant negative SLP anomalies over the Sahara. Strong levanters have been classically assumed to be highly favored by the presence of a deep thermal low over the Sahara, but we did not find significant changes in the SLP over the Sahara related to extremes in levanters' occurrence (see Figs. 8 and 9 ). On the contrary, as indicated in previous paragraphs, the presence of a blocking anticyclone over central Europe appears more relevant for the occurrence of persistent levanters. 7. The large changes in the SLP field associated to the levanters are related to changes in the temperature advection over all Europe and eastern Asia. Because of this, large and significant temperature anomalies over Eurasia appear related to the levanters. In the cold half of the year, large frequencies of levanters are related to warmer/cooler conditions over Northern Europe/Northern Africa and Turkey. During the summer, the lower SLP gradients imply lower and not so organized temperature anomalies, but the association between the levanters and warm summer temperatures in southern Spain and Morocco is clearly found. This warm anomaly can reach up to 4º C over the average monthly values in July. As a final remark, it is worth mentioning that the original data used to compute the EDIN were taken from the currently available ICOADS database (3.0 release). We were able to build a reliable circulation index for a relevant area of Southern Europe starting in the late 19th century. Although the levanters variability is significantly related to the NAO, it also displays a distinctive signal independent from the main Atlantic large-scale atmospheric and oceanic variability modes. Because of this, and also because of the profound link of the levanters variability with continental-scale temperature and precipitation anomalies, extending the EDIN series as backwards in time as possible would be extremely interesting. According to Wheeler and García-Herrera (2008) there are still thousands of logbooks in several British archives not yet digitized. It is to be expected that a number of these logbooks contain data from ships sailing from Britain mainland to Gibraltar and the Mediterranean. The direct application of our methodology to these data would probably allow extending the EDIN series back in time up to the late 18th century, improving our knowledge of the long-term wind variability in Southern Europe.
